This study evaluated the effects of curcumin, a naturally occurring compound with numerous health-beneficial properties, on the wound-healing process of extraction sockets (soft tissue that surrounded the extracted tooth) in rats. The effects of topically applied curcumin were monitored by tracking changes in myeloperoxidase activity and nitric oxide concentrations in soft tissue homogenates 3 and 7 days following surgery. Additionally, pathohistological examination of tissue sections was used to reveal the effects of curcumin on the course of wound healing on a microscopic level. Compared to the untreated control, topically administered curcumin statistically significantly decreased soft-tissue myeloperoxidase activity and nitric oxide concentrations after both 3 and 7 days of application. Microscopic analysis showed a reduced inflammatory infiltrate (subjectively and morphometrically estimated as the number of polymorphonuclear cells/100 μm 2 ) and an increased collagen deposition in rats treated with curcumin. The obtained results point to the great potential of curcumin in the acceleration of tooth extraction wound-healing processes partially through the reduction of the inflammatory response and increase in collagen deposition. Thus, these results significantly contribute to the previously suggested application of curcumin in the skin wound treatment by potentially broadening its usage in the treatment of mucosal wounds.
Turmeric (Curcuma longa L.) is plant species belonging to the ginger family (Zingiberaceae) and has been used throughout history as a dietary spice and coloring agent in Indian and Chinese cuisines [1] . Together with quercetin and resveratrol, curcumin is among the most studied natural products [2] . The paste of curcumin mixed with lime has been a popular home remedy for the treatment of inflammation and wounds [3] . Recently, curcumin has been extensively studied for its application as an anticancer, antinociceptive, antiinflammatory, antiaging and wound-healing agent [4a-d] and showed beneficial effects in the treatment of chronic diseases such as diabetes type II, rheumatoid arthritis, multiple sclerosis, Alzheimer's disease and atherosclerosis [3] . Enhancement of cutaneous wound healing involves tissue remodeling, granulation, new tissue formation and collagen deposition [5] . Previous studies have shown that the application of curcumin on wounds also enhances epithelial regeneration and increases fibroblast proliferation and vascular density [6] .
Tooth extraction is an everyday procedure in dentistry that results in both tissue and bone damage. A large number of factors in the oral cavity, such as the presence of saliva and various microorganisms, or prosthetic work, can significantly affect the course of wound healing following tooth extraction. Complications that can occur after tooth extraction, including pain, inflammation and swelling, can significantly influence the quality of life in patients that undergo the procedure. Therefore, speeding up the process of wound healing after tooth extraction is very important in the dental practice. Over the course of wound healing, production of reactive oxygen species (ROS) is a necessity in the fight against bacteria.
However, a prolonged exposure to ROS leads to an induction of oxidative stress, which slows down the wound-healing process. Therefore, local application of antioxidants, such as curcumin, can stimulate tissue regeneration by decreasing inflammation, protecting the wound from bacterial infection and increasing cellular proliferation, essential for the damaged tissue regeneration [4a,7,8a-b] .
Motivated by the previously recognized beneficial effects of curcumin on cutaneous wound healing [6] ; in this study we aimed to evaluate its potential healing effect on mucosal wounds inflicted by tooth extraction. Our research will focus on the effect of curcumin on inflammatory cells by estimating myeloperoxidase activity and nitric oxide concentrations in wound tissue homogenates and by a histopathological examination of the soft tissue wound during the healing period.
The physiological/pathophysiological events that follow wound healing after tooth extraction involve inflammation, cell proliferation, matrix deposition and tissue remodeling [9] . The first phase of wound socket reparation that includes an inflammatory reaction and debris removal can sometimes be uncontrolled, causing significant tissue damage. Thus, one can hypothesize that an application of curcumin could be beneficial in reducing soft tissue inflammation and accelerating wound healing. Since oral application of curcumin is known to have several drawbacks (low absorbance, extensive first-pass metabolism, low water solubility) [8a] , in order to avoid these shortcomings, curcumin was applied locally/topically during the course of this study.
The results of the tissue homogenate biochemical investigations, myeloperoxidase (MPO) activity and nitrite (NO) concentrations (Figure 1 ) revealed that the application of curcumin decreased the inflammatory response of the soft tissue surrounding the wound formed after tooth extraction. Compared to the control group, the statistically significant impact of curcumin on the two mentioned inflammatory parameters was visible both 3 and 7 days after the treatment (Figure 1 ). Myeloperoxidase is an antimicrobial leukocyte-derived enzyme found in high concentrations in the primary granules of leukocytes, thus, its activity correlates well with the amount of leukocytes (neutrophils and macrophages) present in inflamed tissue [10] . Additionally, concentrations of NO, a signal molecule with both harmful and beneficial properties [10] , could reflect the extent of inflammation in the affected tissue since it is excreted by activated phagocytic leukocytes. Since the two biochemical markers were found to be statistically significantly decreased ( Figure 1 ) in the soft tissue of the extraction wounds in rats treated with curcumin, compared to the control group, one can expect an overall decrease in the tissue inflammatory response. The decrease in tissue MPO and NO correlates with previous findings where curcumin inhibited the production of TNF-α and IL-1, major signaling molecules secreted by stimulated macrophages [6] . The difference in the observed effects of curcumin after 3 and 7 days could possibly be attributed to its ability to reduce inflammation after 3 days, while after 7 days the spontaneous tissue regeneration lead to a decrease in inflammation, thus making the difference less pronounced ( Figure 1 ).
Figure 1:
Myeloperoxidase activity (A) and NO concentration (B) in the healing tissue from the extraction wounds (3 and 7 days after the surgery) in rats from the control and curcumin-treated groups. The data are presented as mean ± SD (n = 6), statistical significance was calculated by Student's t-test. *p<0.001 vs. control; ** p<0.01 vs. control; OD -optical density.
Pathohistological examination (scores) of the soft tissue of the extraction sockets after 3 and 7 days of healing revealed a marked difference between the control and curcumin-treated groups (Table  1) . During the first 3 days of the wound-healing process the granulation tissue and inflammatory rate was more pronounced in the control group than in the curcumin-treated group (Table 1) . On the other hand, the degree of angiogenesis and fibrosis were more prominent in the curcumin-treated group than in the control group (Table 1) . Seven days after the treatment with curcumin, the reduction of inflammatory infiltrate was even more pronounced than after the 3-day treatment (Table 1) . This semi-quantitative estimation of inflammatory rate was confirmed by a more precise morphometric method, where the number of polymorphonuclear leukocytes per 100 μm 2 was shown to be statistically significantly lower in the curcumin-treated groups, than in the control group, both 3 and 7 days after tooth extraction ( Table 1) .
The pathohistological analysis allowed us to track the soft-tissue healing process after tooth extraction which showed standard phases of tissue reparation, with adequate chronological distribution (Figures 2 and 3) . All examined experimental groups displayed similar micromorphological changes; however, certain differences were notable. The samples obtained from animals in the curcumintreated groups exhibited a faster regeneration rate of gingival and periodontal soft-tissue structures, with earlier epithelization of the gingival defect (Figure 3) , less pronounced inflammatory infiltration ( Figure 2B ), earlier deposition of collagen fibers and more intense maturation of connective tissue structures ( Figure 2D ). The inflammatory infiltration was significantly reduced in the samples obtained on both the 3 rd and 7 th day after the extraction of the maxillary incisors (Figure 3, parts A, B, E and F) . A reduced number of polymorphonuclear leukocytes were most noticeable. They were present either individually or in clusters of several cells along the margin of the alveolar sac. Neutrophils were considerably more numerous in the samples from the control group than in the group in which curcumin was administered. However, the presence of macrophages was more pronounced, especially on the demarcation edge of the wound towards the healthy soft tissue. The discrete neutrophil infiltrate in animals treated with curcumin ( Figure 2B and 3B, Table 1 ) can be brought in connection with the ability of curcumin to inhibit signaling molecule generation (chemotaxis), e.g. NO (Figure 1 ) and TNF-α [6] .
Seven days after the tooth extraction, the formed epithelium showed signs of acanthosis in some places, with thickening of the entire epithelium due to a larger number of layers of spinous keratinocytes, as well as signs of hypergranulosis, with a wide subcorneal granular layer of the epithelium (Figure 3 ). Discrete to moderate focal fibrosis with parallelly distributed beams of collagen Curcumin promotes the wound-healing process of extraction sockets Natural Product Communications Vol. 12 (12) fibers which follow the contour of the basement membrane was observed under the basement membrane and around bars of the well-developed squamous epithelium ( Figure 3E-H) . Among the blue colored (Masson's Trichrome) collagen fiber beams, thick and well organized, parallel or slightly wavy ( Figure 3E-H) ; the presence of fibrocytes, fibroblasts and macrophages could be seen.
The thickness and architectural regularity in the arrangement of collagen fascicles was significantly more prominent in the curcumin-treated group of animals ( Figure 3F and H). These findings are in accordance with the previous publications where different formulations of topically applied curcumin increased collagen synthesis and its deposition in the wound site in mice, rats and guinea pigs [6] .
The obtained results point to the great potential of curcumin in the acceleration of tooth extraction wound-healing processes partially through the reduction of the inflammatory response and increase in collagen deposition. Thus, these results significantly contribute to the previously suggested application of curcumin in the skin would treatment by potentially broadening its usage in the treatment of mucosal wounds.
Experimental
Drugs and chemicals: Ketamine (10%) was purchased from Richter Pharma AG, Wels, Austria, while curcumin was obtained from Sigma-Aldrich (St. Louis, USA) and all other used chemicals were obtained from either Sigma-Aldrich (St. Louis, USA) or Carl Roth (Karlsruhe, Germany). Experimental procedure: All animals were randomly divided into four groups each containing 12 rats. The surgical procedures were performed under intramuscular general anesthesia induced by ketamine (10%). Maxillary incisors were extracted in all rats with a dental explorer and extraction forceps. After hemostasis, the extraction wound was treated with topical application of curcumin (4 mg/mL ) using a cotton ball daily throughout the experiment, as previously described [11] . The animals from the control group were not treated after tooth extraction and hemostasis. Three and 7 days after tooth extraction, 6 rats from both the control and curcumintreated groups were euthanized under general anesthesia and tissue samples were collected for biochemical analysis and pathohistological examinations.
Tissue homogenization: Tissue samples from both animal groups were collected after animal euthanasia, 3 and 7 days following tooth extraction. Wound tissue homogenates (10%, w/v) were prepared in ice-cold distilled water and were centrifuged at 12000 rpm for 15 min (at 4 °C) in order to obtain a clear supernatant that was further used for analyses. The amount of proteins was determined using the standard Lowry's method [12] .
Myeloperoxidase activity determination:
Tissue myeloperoxidase (MPO) activity was determined based on the previously described method [13] .In brief, MPO activity was measured through the amount of oxidized o-phenylenediamine and the absorbance of the end product was measured at 540 nm using a Multiscan Ascent (Labsystems, Finland). The MPO activity was expressed as optical density (OD) per mg of proteins.
Nitrite concentration determination:
The concentration of nitrite present in tissue homogenates was measured using the standard Griess reaction [14] . The absorbance of mixture consisting of the tissue homogenate supernatant and Griess reagent was measured at 540 nm using a microplate reader. The nitrite concentrations (in µmol/L) were calculated using a standard curve of sodium nitrite.
Pathohistological analysis: After dissection of the frontal maxillary segment of the head of each animal the samples were immersed in a 10% buffered formalin solution. The decalcification was carried out for 21 days in a 0.1 M EDTA solution. Appropriate tissue samples were processed using routine histological methods in order to obtain 5-μm thick cross-sections at the end. The processed tissue sections were stained using a standard histochemical staining protocol with hematoxylin and eosin (HE) and Masson's Trichrome.
The pathohistological examinations were performed using a light microscope (Olympus BX43, Olympus Corporation, Tokyo, Japan) and digital photographs obtained using the imaging system (Olympus cell Sens platform standard, Olympus Corporation, Tokyo, Japan) at 200xmagnification. The pathohistological analyses included the evaluation of the following parameters: density of the inflammatory infiltrate, volume of the granulation tissue, degree of angiogenesis and fibrosis. The degree of change was estimated semi-quantitatively, by forming a score based on the extent of the change: 0 -parameter expression is poor; 1 -the evaluated parameter expression is moderate; 2 -parameter expression is strong. In the case of fibrosis, it was estimated in relation to the expression of fibroplasia, density of fibroblast cells and fibrocytes, as well as the amount and nature of the deposited collagen fibers (seen at Trichrom stained samples). The score of 0 indicated the presence of early, immature collagen fibers, mostly in the reticular arrangement; score 1 -moderate amount of collagen fibers, grouped in poorly cohesive beams; score 2 -dominant presence of mature collagen fibers grouped in bundles.
Morphometric analysis of polymorphonuclear cell number: After tissue sections were histologically processed and stained, digital images were taken under 40 x objective lens magnifications, using a digital camera connected to a light microscope Leica DMR (Leica Microsystems AG, Wetzlar, Germany). Morphometric analysis was done with ImageJ computerized image analysis system. Spatial calibration by object micrometer was performed before each analysis. Three sections from each rat were selected for the analyses where the number of polymorphonuclear leukocytes was measured at three areas of each section (area size 100 μm 2 ). The results are expressed as number of polymorphonuclear leukocytes per 100 μm 2 .
Statistical analysis:
The results obtained for the studied biochemical (MPO activity and NO concentration) and morphometric (number of polymorphonuclear cells) parameters from both control and experimental groups were expressed as the mean ± SD (n=6) and mutually compared using the Student's t-test (Graphpad Prism version 5.03, San Diego, CA, USA). Probability values (p) less than 0.05 were considered statistically significant.
